Searching PAJ 



1/1 ^— V 



PATENT ABSTRACTS OF JAPAN 



(1 1 publication number : 61-020377 
(43)Date of publication of application : 29.01.1986 



(5 Dint CI. 


H01L 39/22 




(21 Application number : 59-140512 
(22)Date of filing: 09.07.1984 

r ■ ~ ■■ 


(71) Applicant : 

(72) Inventor : 


HITACHI LTD 
NISHINO JUICHI 



(54) SUPERCONDUCTIVE CIRCUIT 

(57)Abstract 

PURPOSE: To obtain the titled device which has a high integration 
degree and stable action and can be manufactured with high yield, 
by a method wherein a thin film of crystal with a (1,0,0) plane or 
polycrystal oriented mainly to a (1,0,0) plane is selectively formed 
and used for a superconductive electrode, in the crystal of a 
superconductor having a crystal structure of NaCI structure. 
CONSTITUTION: An NbN thin film is formed on an MgO single 
crystal substrate 1 of (1,0,0) plane by reactive sputtering. The NbN 
thin film is made of polycrystal of (1,0,0) plane strongly oriented to 
the (1,0,0) plane or to this direction by following the crystallinity of 
the MgO substrate. This NbN thin film is processed into the 
superconductive electrode 2 by Ar ion etching with a mask of a 
photo resist pattern. Next, an interlayer insulation film 3 made of an 
Si02 thin film and having an aperture is formed. The surface of the 
superconductive electrode 2 exposed in this aperture is oxidized 
with Ar plasma into a tunnel barrier layer 4; successively, a 
superconductive electrode 5 made of Pb-5wt% In alloy is formed. 
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Microstructure and Superconductivity in Epitaxial MgO/NbN Multilayers 
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and Toranosuke Komata™ 

TOSOH Corporation, Advanced Materials Research Laboratory, Hayakawa, Ayase 252 
* Department of Electronics, Nagaoka University of Technology, Kamitomioka, Nagaoka 940-21 
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The aim of this investigation is to achieve high transition temperature, low resistivity films under conditions suitable 
for use in al!-NbN Josephson junction fabrication/For this purpose, the heteroepitaxy of NbN on MgO films is in- 
vestigated. For substrate temperature of 200°C or t thereabouts, polycrystalline MgO films of (200) orientation were 
formed on (100) silicon, (1102) a-Al 2 0 3 , and fused silica. Based on.XTEM, HEED and X-ray data, heteroepitaxial 
growth ((100) NbN //(100) MgO ) was obtained in NbN films and NbN/MgO/NbN trilayers deposited on (200) oriented MgO 
films. The epitaxial NbN films of 10 nm thickness had high transition temperatures of about 14 K, and relatively low 
residual resistivities of less than 200 nQ ■ cm. Using the GL relationships, we calculated the.Ginzburg-Landau parameters, 
A(0)and f, of our NbN films in the dirty limit. The calculated f(4. 2 K) and A(0)are -4.5 nm and -300nm, respectively. 
KEYWORDS: Josephson device, MgO/NbN muitiiayer, epitaxy, coherence iength, penetration depth 



§1. Introduction 

Because of the potential of niobium nitride (NbN) for 
Josephson junctions, it has attracted a great deal of atten- 
tion. So far, many studies have been reported on NbN 
junctions where most of the NbN films were reactively 
sputtered in ambients of Ar + N 2 mixture. 

Many problems fundamental to the preparation of 
high quality tunnel junctions are strongly related to inter- 
face morphology in the superconducting electrodes and 
the insulator layer (barrier). One of the problems is that 
the superconducting coherence length, £, of NbN is at 
least a factor of 2 lower than that for Nb. For NbN and 
Nb, £(4.2 K) is (4-7) nm and (10-30) nm, 0 respectively. 
Hence, reliable process technology is necessary in order 
to prepare the high T c NbN layers which are first 
deposited, i.e., layers adjacent to the insulator layer with 
thickness characterized by <f. 

One of the principle procedures permitting formation 
of ultrathin NbN layers with characteristics similar to 
those of bulk materials is heteroepitaxial growth. NbN 
and MgO have a Bl (sodium chloride) structure. The lat- 
tice constant of NbN is 0.438 nm. The lattice constant of 
MgO, 0.421 nm, is only 4% smaller than NbN. Hence, it 
is possible to study the preparation conditions for 
heteroepitaxial growth of NbN deposited on MgO 
crystals. 

Much research has been carried out on the formation 
of heteroepitaxial layers of NbN. In these reports, for for- 
mation of epitaxial NbN layers, the authors used cleaved 
MgO as the substrate. 2 " 65 However, not much attention 
has been paid to Josephson device fabrication because of 
the roughness of the cleaved MgO surface. Recently, we 
developed a novel process for preparing heteroepitaxial 
layers of NbN which is suitable for fabrication of various 
Josephson devices. 7,8) The most important point in this 
technology is the preparation of highly oriented MgO 
films by rf magnetron sputtering. As mentioned in earlier 
reports, 7) we have successfully prepared epitaxial NbN 



deposited on (200) oriented MgO layers. Talvacchio et 
a!. 9M also recently reported epitaxial growth of 
NbN/ MgO, or Mgi^Ca x O/NbN layered structures. 
They obtained high-quality junctions with high gap 
voltages. 

In this paper, we describe the sequence of multilayer 
deposition and the results of structural analysis of 
MgO/NbN bilayers and MgO/ NbN/MgO/NbN 
tetraiayers, based on cross-sectional transmission elec- 
tron micrograph (XTEM), high energy electron diffrac- 
tion (HEED), and X-ray diffraction (XRD) data. The 
superconducting properties of epitaxial NbN films are 
also investigated. 

§2. Film Preparation 

One problem in choosing a suitable substrate is that im- 
purities may diffuse from the substrate and contaminate 
the films. MgO exhibits extremely high thermodynamic 
stability below 300°C, that is to say, its decomposition 
pressure is relatively low. Hence, MgO deposited by sput- 
tering with an MgO target will be in £ogj|ruent. evapora- 
tion, and may be stoichiometric. OurTiope is that the 
orientation of MgO is independent of deposition condi- 
tions (background pressure, substrate temperature, rf 
power density and the like), as reported in NaCl films. 10 

MgO films were deposited by rf magnetron sputtering 
in a multitarget sputtering system (ANELVA 430 H) with 
a cryo- or diffusion-pump. The sputtering gases were 
high-purity (99.9995%) Ar, N 2 , and an Ar + N 2 mixture. 
To investigate the effect of the crystallinity of substrate 
materials on the crystallite orientation of MgO films, 
series of runs were conducted using different substrates. 
The substrates used were (100) silicon, (lT02) a-AI 2 0 3 , 
and fused silica. The substrate temperature was in the 
range of (150-210)°C. The background pressure before 
deposition was typically 2xiO" 4 Pa. The target was a 
disk of hot-pressed MgO of 99.99% purity. Most films 
were deposited at a rate of — 9.5nm/min, where the 
thickness of fiims thicker than 40 nm was measured by a 
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surface profilometer (Tencor, Inc. Model a-step 200). 

Following the MgO deposition, a thin NbN layer was 
sequentially deposited onto the predeposited MgO layer 
on the substrates without breaking the vacuum. NbN 
films were produced by reactive rf magnetron sputtering 
in 2.4 Pa of Ar + (~9%)N 2 mixture. The substrate tem- 
perature was about 210°C, and the sputtering rate for an 
rf power density of 5.1 W/cm 2 was — 80nm/min in 
Ar + ( ~ 9%)N 2 mixture. The film resistance as a function 
of temperature was measured using a four-probe arrange- 
ment. A calibrated silicon diode (Lake Shore 
Cryotronics, Inc.) was used as a temperature sensor, with 
a measurement accuracy of ±0.1 K in the 4-20 K range. 

§3. Structural Analyses 

3.1 X-ray diffraction 

Figure 1 presents the XRD results for 80 nm thick 
MgO films deposited onto various substrates using the 
ANELVA 430 H system with a diffusion pump. The films 
were deposited in rf sputtering gas of pure Ar, and at a 
total pressure of —4.2 Pa. Patterns (a)-(c) in Fig. l are 
characteristics of films deposited on (100) silicon, (lT02) 
a-Al 2 0 3 , and fused silica, respectively. All traces in Fig. 1 
clearly indicate that (200) Mg o is the preferred crystallite 
orientation; As can be seen from Fig. 1, the full width at 
half maximum (FWHM) for the MgO film deposited on 
the (100) silicon is somewhat narrower than that on fused 
silica. 

In a recent study in our laboratory, an anomalous 
dependence of the intensity of line (200) Mg o on sputtering 
ambients was observed. I2) Figure 2 shows the XRD data 
for MgO films deposited onto (100) silicon using the 



1 1 


- p T 1 

(a) (100) Silicon 


1(200) MgO . 
A (400) Si A 








(b)m02)d-Al203 


(200)MgO 

'..£) 


(024)<*-Al20 3 

V M 1 ii iry f - f 1 


. (c) Fused Silica 
1 (200)MgO 


l 1 


1 1 



30 40 50 60 70 80 
Bragg Angle 28(degree) 

h 

Fig. 1. Portion of X-ray diffractometer traces of MgO films deposited 
on three kinds of substrates. Deposition conditions are as follows: (1) 
substrate temperature: ~-210°C, (2) rf power density: -2.6 W/cm 2 , 
(3) a total pressure: -4.2 Pa, (4) the sputtering rate: ~4nm/min. 



cryo-pump system (ANELVA 430 H). 'The partial 
pressure P N2 of N 2 in Ar gas was changed over a range 
from 0% to 100%. The films were deposited at a total 
pressure of —1.5 Pa, and rf power density of 2.6 
W/cm 2 . In all films, the sputtering time is 10 min, but 
does not give the same thicknesses. A clear trend of in- 
creasing intensity of line (200) is observed as Pn2 is in- 
creased. This trend was also observed for MgO films 
deposited using the diffusion-pump system (ANELVA 
430 H). 

On this subject, the following mechanism can be pro- 
posed. As mentioned by Sugiyama et a/., ,3) MgO revealed 
catalytic activity in the plasma synthesis of ammonia 
from H2-N2 mixed gas. Also, in N 2 plasma in which 
water vapor is mixed, the following reactions take 
place. ,4) 

2H 2 0 + e~ — + 20H - + H 2 + e~ , 

N + N + H 2 — *N 2 *-f-H 2 (1) 

N 2 * + H 2 — * product (NH 3 , N 2 H 4 ). 

As pointed out by Sugiyama et a/., ,3) the reaction occurs 
on the surface of MgO. Excited nitrogen molecules are 
absorbed on MgO, and the MgO surface becomes a 
nitride which is; at the same time, reduced by hydrogen 
atoms. In their results, the ESCA spectrum showed the 
presence of magnesium nitride but the amount of the 
nitride was negligible. Although the mechanism whereby 
the nitrogen ion responds to increase in the intensity of 
line (200), as shown in Fig. 2, is not fully understood, our 
results might be explained by the generation of very small 
amounts of magnesium nitride, or magnesium 
hydroxide. 

MgO and A1 2 0 3 are attractive tunnel-barrier materials 
due to their good thermodynamic stability. From this 
point of view, NbN/ MgO /NbN trilayers have been 
sequentially deposited on MgO films. The normalized 
peak intensity of (200) NbN /((ll l)NbN + (200) NbN ) is a rela- 
tive index of the crystallite preferred orientation of 
heteroepitaxial NbN. Figure 3 is a plot of this value as a 
function of the thickness of thin MgO overlayers on NbN 
base electrodes. These thin overlayers act as a tunnel bar- 
rier. The preferential orientation of (200) planes in MgO 
(underlayer)/NbN/MgO(barrier)/NbN tetralayers is in- 
dependent of the thickness of thin MgO barriers. 
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Fig. 2. X-ray diffractometer traces of MgO thin films. 
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Fig. 3. Normalized peak intensity of (200) NbN line versus the thickness 
of MgO barrier layers. The MgO underlayers were deposited at 
~ 150°C, and NbN/MgO/NbN trilayers were deposited at ~210°C. 

3.2 TEM and HEED in cross section 

In order to obtain more information about film 
growth, microstructure characterization was done by 
SEM, XTEM and HEED. 15) In the case of TEM, a rela- 
tively new sample preparation technique was used 
whereby cross sections could be observed, providing de- 
tailed insight into the heteroepitaxial growth structure. A 
sample for XTEM observations was prepared first by sec- 
tioning the Si wafer perpendicular to the MgO /NbN 
multilayer, as shown in Fig. 4. Then, the wafer was 
mechanically polished and locally etched by an Ar-ion 
beam. The ultimate thickness at the Ar-ion etched por- 
tion was in the range from 10 to 100 nm. The XTEM 
observation was done by means of a Nihondenshi elec- 
tron microscope (JEM-200FX). 

. Figure 5(a) is a SEM photograph of a heteroepitaxial 
NbN/MgO/NbN on MgO film in cross section, and (b) 
is a lattice image of a (200) plane of the MgO base layer. 
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For the base MgO layer, a columnar structure has grown 
perpendicularly to the Si substrate. The grain diameter 
was in the range of 5 nm to 10 nm.The diffraction stripes 
of the MgO(200) plane in Fig. 5(b) are almost parallel to 
the Si substrate surface, but inclination of the (200) plane 
is evident at some points. The MgO^NbN interface is 
not smooth but has a roughness of about 10 nm between 
grain tops and grain boundary edges. 

Figure 6 shows a HEED pattern from the 



Fig. 4. Preparation of a sample for XTEM and HEED. 
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Fig. 5. (a) SEM photograph of heteroepitaxial NbN/MgO/NbN on 
MgO underlayer, and (b) lattice image of the (200) plane of the MgO 
underlayer. 
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MgO/NbN/MgO/NbN tetralayer in cross section, as 
shown in Fig. 5(a). The accelerating potential was 200 kV 
and the distance from the sample to the camera was 120 
cm. The (200) M8 o and (200) N bN diffraction spots with no 
streaks are observed. Both the (200) plane of MgO and 
that of NbN films are nearly parallel to the substrate sur- 
face. The sharpness of these spots and their orientation 
show conclusively that the NbN grows epitaxially on the 
MgO underlayer. However, Fig. 6 also shows discon- 
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Fig. 6. HEED pattern from the MgO/NbN/MgO/NbN tetralayer. 
The (200) MsOiNbN diffraction spots with no streaks are observed. 



tinuous rings due to somewhat randomly oriented grains. 

The dark-field micrographs of the same region of the 
sample as shown in Fig. 6 are given in Figs. 7(a), 7(b) and 
7(c). The bright portions in these figures satisfy the 
diffraction conditions of (200) planes of cubic NbN and 
MgO. Changing the tilt angle of the sample to incident 
electron beam over a range from 0° to 10 ol5) and observ- 
ing the bright portions in the dark-field micrographs, we 
confirm the polycrystalline epitaxy in the whole cross sec- 
tion of.the MgO /NbN /MgO /NbN tetralayer. Thus the 
polycrystalline epitaxial growth of NbN on MgO thin 
film is evident, as was the case for the NbN film (single- 
crystal epitaxy) formed on cleaved MgO; but it is not 
clear whether the uniformity of coverage of MgO barrier 
layers on base NbN could be good. 

§4. Electrical Properties 

NbN films formed on MgO films were characterized by 
their transition temperature T c , and residual resistivity 
/>o(20K). Figure 8 illustrates the T c and p 0 (20 K) vs the 
film thickness of NbN. All films were prepared in 
Ar + (~9%)N 2 mixture, and the thickness of MgO 
underlayers was about 150 nm. Although many films 
were analyzed by Auger spectroscopy, in most films, ox- 
ygen and carbon were not detected in NbN. l6) Hence, im- 
purity is not a major factor contributing to the electrical 
properties of our films. In Fig. 8 T c 's remain 15-16 K 
when the NbN films are thicker than 30 nm. The T c of 10 
nm thick NbN films is about 14 K or thereabouts, and 
p 0 (20 K)<200 /ifl'cm. The best resistivity in 10 nm thick 
NbN films was about 80^fi cm. The T c and p 0 (20 K) for 
ultrathin films (thickness <20nm) are somewhat better 
than those reported by Gavaler 17) and Igarashi et a/. l8) 
The Ginzburg-Landau (GL) penetration depth for the 
BCS weak coupling case in the dirty limit, AgiX^), is de- 
termined by the normal state resistivity and the transition 
temperature. l9) 
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Fig. 7. XTEM dark field images of a MgO/NbN/MgO/NbN tetralayer. The tilt angle, 20, to incident electron beam is: 0°, 
5°, and 10°, respectively. 
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Fig. 8. T c and p 0 (20 K) vs the film thickness of NbN. 

AS L (7') = 64.2[/> 0 ( / iQcm)/r <; (K)] ,/2 (l - T/T C )~ U1 (nm) 

(2) 

For strong coupling, the theoretical A (7") is expressed 

by") 

X(T)= LGtHDAtaXT). (3) 
Using these equations and the measured average value of 
T c and p 0 , we calculated the theoretical values of Aol(0) 
and A(0). We assumed that the factor tj(4.2 K) is 0 91 for 
NbN,"> and X(0) = X(T)[l-(T/T c )T >n . Our films have 
a theoretical penetration depth of approximately A(0) 
~300nm for NbNf/j^ 140 /tO cm, r c =14K) of 10 nm 
thickness, and 228 nm for NbN(/> 0 =80|iG-cm, r c =14 
K) of 10 nm thickness. The A(0)'s for epitaxial *NbN of 
thickness less than 20 nm (ultrathin films) are relatively 
short in comparison with those reported by Igarashi et 
al."> 

The experimental penetration depth, <A(4.2K)> av , was 
obtained by analyzing the flux modulation of the critical 
current in dc-SQUID with a NbN ground plane. "> Using 
NbN/MgO/NbN junction technology described 
elsewhere, 2 '* dc-SQUIDs were fabricated. Figure 9 shows 
the schematic configuration with a NbN ground plane (a) 
and equivalent circuit of the dc-SQUID (b). Typical flux 
modulation of the interferometer is shown in Fig. 9(c) as 
a function of applied magnetic flux which is produced by 
control current / c as shown in Fig. 9(a). The strip line in- 
ductance L may be calculated from the measured control 
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Fig. 9. (a) Schematic configuration of a direct coupled dc-SQUID 
with a NbN ground plane, (b) Equivalent circuit, (c) Typical flux 
modulation of a two junction interferometer, (d) Strip inductance vs 
the strip line length. 



current shift AI C between the quantum states as 
L=0 o /AI c , 22} where 0 o (^c/2e=2.O7 x 10" 7 G em 2 ) is the 
flux quantum. Figure 9(d) shows the inductance I as a 
function of the line length 1. In the calculation of A th (4.2 
K), we assumed tj(4.2 K)~0.91. 

As seen in Table I, the penetration depth in NbN films 
varies widely, obscuring interpretation of the data. The 
average value <A M (4.2 K)> av is, however, in close agree- 
ment with the calculated value <A th (4.2 K)> av . The short 
penetration depth of epitaxial NbN films may decrease 
the kinetic inductance of NbN electrodes, resulting in an 
increase in the magneti c sensitivity of SQUID 

*The strip inductance L in dc-SQUID with a ground plane is given by 
L-/zo(W 0 / W)[\ +(A B /tf 0 ) coth {dJX t ) + {XJd 0 ) coth (d t /A b )), where 
Wis the width of the line and / is the line length, and X g and >l b are the 
superconducting penetration depth of the ground plane and strip line. 
The d g and d b are also the thicknesses of the ground plane and line, re- 
spectively, and no is the permeability of free space. In this study, 
W»d Q + X g + \ b and d t -~d b . So, the fringing field can be neglected. We 
assume A g = A b ( a <A\ v ), and calculate <X(4,2 K)\ v from the measured 
strip inductance. 



Table I. Superconducting parameters of epitaxial NbN films. 



a) Ground Plane 

b) Base Electrode 



Sample No. 




(K) 




Po(20 K) 
(/if) -cm) 




A(4.2 K) 
(nm) 




L 


<A(4.2 K)>. v 
(nm) 




G.P. a) 




B. b> 


G.P. a) 


B. b) 


G.P. a) 


B b> 


(pH//mi) 


Hi 

n 

#3 


15.5 
14.9 
15.3 




15.3 
15.0 
15.9 


188 
129 
117 


209 
177 
187 


388 
331 
309 


413 
386 
380 


0.21 
0.21 
0.21 


401 
358 
343 



1372 
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Applied Field H (KOe) 

Fig. 10. Parameter I C X,2 H U * vs external magnetic field H for NbN. 

magnetometers 23) and decrease in the propagation delay 
of the microstrip transmission line. 20) 

One method for estimating the GL coherence length, 
<J, is to measure the upper critical field H cl . In the GL 
theory of Type II superconductivity, £ is expressed by the 
well-known formula 24) 

Z = (<P 0 /2H c2 y /2 . (4) 

To obtain the order of magnitude of <J, we measured the 
critical current, 7 C , as a function of applied field, H y at 
4.2 K. The resistive measurement of / c was carried out in 
a 16.5 T superconducting magnet in Tohoku University. 
I c was defined by 2 /xV/cm. According to Kramer's flux- 
pinning theory, 25) the I c l/2 H U4 is expressed in the form 
given by 

h m H \Haz\-HlH*. (5) 

Therefore, the plot of this product on applied field 
should be a straight line intercepting the abscissa at 
H—H C 2, 

Figure 10 shows the 7 c 1/2 // 1/4 -vs-// plots for two NbN 
films of -60 nm thickness. The field is parallel to the film 
surface. We found that the anisotropy of H a in our 
epitaxial NbN films is less than 10%. The I c U2 H' lA -\s-H 
curves are approximately linear, and the obtained 
/f c2 (4.2K) is 160 KOe. The GL coherence length esti- 
mated from eq. 4 £(4.2 K) is -4.5 nm. This value is some- 
what larger than the reported value for NbN on a single 
crystal sapphire substrate. 26) 

§5. Conclusions 

Using an rf magnetron sputtering system with a diffu- 
sion-pump or cryo-pump, high-r c NbN thin films were 
successfully prepared on MgO underlayers. The 
microstructure was analyzed by XTEM, HEED and 
XRD, and heteroepitaxial growth (NbN(100)//MgO 
(100)) was confirmed in NbN films and NbN / MgO / NbN 
trilayers deposited on the (200) oriented MgO 
underlayer. Using the GL, theory and the measured 



values of T c and p 0f we calculated the GL parameters of 
A(0) and f for epitaxial NbN films. The epitaxial NbN 
thin films had high 7Vs, relatively low residual 
resistivities, considerably short GL penetration depth 
and long coherence length. The epitaxial growth techni- 
que presented in this study will be useful for the prepara- 
tion of Josephson devices, such as tunnel junctions or 
nanobridges. 
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